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i. Abstract  

Proteomics studies that characterize hundreds or thousands of proteins in parallel can play an 

important part in the identification of moonlighting proteins, proteins that perform two or more 

distinct and physiologically relevant biochemical or biophysical functions.  Functional assays, 

including ligand binding assays, can find a surprising second function for a protein that was 

previously identified as performing a different function, for example, a DNA binding ability for 

an enzyme in amino acid metabolism.  The results of large scale assays of protein-protein 

interactions, gene knockouts, or subcellular protein localizations, or bioinformatics analysis of 

amino acid sequences and three-dimensional structures, can also be used to predict that a protein 

has additional functions, but in these cases it is important to use biochemical and biophysical 

methods to confirm the protein can perform each function. 
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1. Introduction 

The goal of many proteomics studies is to identify protein functions.  Complicating this task is 

the ability of a single protein to have different functions in different cellular processes, with 

different ligands or different protein partners, in different cell types, and/or in different 

subcellular locations.   Hundreds of proteins have been identified as these moonlighting proteins, 

which comprise a subset of multifunctional proteins that perform two or more distinct and 

physiologically relevant biochemical or biophysical functions that are not due to gene fusions, 

multiple RNA splice variants, or pleiotropic effects (1).  Some of the first moonlighting proteins 

to be identified were taxon-specific crystallins (2,3), proteins that are found in high concentration 

in the lens of the eye but function as enzymes in other cell types.  For example, zeta-crystallin 

from the guinea pig lens is identical to the enzyme quinone oxidoreductase (4). Over 300 

moonlighting proteins are described in the online MoonProt Database (5).  As a group, the 

known moonlighting proteins perform a large variety of functions and combinations of functions 

and don’t share sequence or structural motifs or other physical characteristics that enable easy 

identification.  Although interpreting the results of proteomics projects might be complicated by 

the presence of moonlighting proteins, the diversity of moonlighting proteins means that these 

large-scale projects to characterize proteins, without a prior hypothesis about each protein’s 

function, can be the best way for finding more moonlighting proteins and their multiple 

functions.  

 

3. Methods  

Proteomics experiments can be used to help identify proteins with multiple functions in both 

direct and indirect ways.  Projects based on a functional assay can identify a second function for 



a protein that already has a known function.  Projects that test other protein characteristics can 

also be used to suggest that some proteins have a second function, although they might or might 

not provide information about what the function is. Bioinformatics analyses used alone or in 

combination with proteomics projects can be used to suggest which other proteins might also 

have multiple functions. 

 

I. Experimental Methods 

The proteomics methods that have been the most useful in finding proteins with multiple 

functions include those that test binding to a specific molecule, protein-protein interactions, the 

results of gene knockout experiments, and cellular localization. 

 

Binding studies  

Proteomics studies that involve screening hundreds or thousands of proteins to find those that 

bind to DNA, extracellular matrix, or other macromolecules have identified several dozen 

proteins that were already known to have a different function.  This is not too surprising because 

dozens of the known moonlighting proteins have at least one function that involves binding to 

another molecule - as a cell-surface receptor for a soluble ligand or the extracellular matrix, as a 

secreted ligand binding to a receptor on another cell, or as a DNA or RNA binding protein.  

 

The use of microarrays of proteins, DNA oligonucleotides, or RNA oligonucleotides enables 

screening of vast numbers of proteins to find those that bind to a chosen macromolecule.  Hall 

and coworkers screened a microarray of yeast proteins for binding to DNA oligonucleotides and 

identified mitochondrial Arg5,6 (N-Acetylglutamate kinase /N-acetylglutamyl-



phosphate reductase), an enzyme in the arginine biosynthetic pathway, as having DNA binding 

activity.  Complementary chromatin immunoprecipitation experiments and gene deletion 

experiments confirmed that Arg5,6 is a transcription regulator for several specific nuclear and 

mitochondrial genes (6). 

 

Assays to identify proteins that bind to a specific protein also identified several dozen yeast and 

bacterial proteins that perform one function when expressed inside the cell and a second function 

when displayed on the cell surface. A proteomic study of cell wall proteins from the pathogenic 

fungus Candida albicans was used to identify eight cytosolic proteins (phosphoglycerate mutase, 

alcohol dehydrogenase, thioredoxin peroxidase, catalase, transcription elongation factor, 

glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase and fructose bisphosphate 

aldolase) as cell surface receptors for host plasminogen (7). A similar study of the intestinal 

“pro-biotic” bacterium Bifidobacterium lactis identified the cytosolic enzymes bile salt 

hydrolase, glutamine synthetase, and phosphoglycerate mutase and the chaperone DnaK also to 

bind host plasminogen when expressed on the cell surface (8). 

 

Protein-protein interactions  

Proteomics-scale studies of protein-protein interactions, such as yeast 2-hybrid assays, often 

yield results that are more complex than expected, with a single protein being found to interact 

with proteins acting in multiple biochemical pathways, molecular machines or multiprotein 

complexes.  These results are sometimes interpreted as being due to false positives, but 

interacting with multiple groups of proteins from different cellular processes is a common 

characteristic of moonlighting proteins, and these protein-protein interaction results could be due 



to physiologically relevant interactions (9).  In a study of human proteins, Chapple and 

coworkers combined protein-protein interaction information with analysis of the protein 

functional annotations to identify 430 proteins that they described as being extreme 

multifunctional proteins (10).  Further analysis of protein-protein interaction networks from 

humans and other species could lead to predictions of additional proteins that might interact with 

different groups of protein partners to perform different functions, along with suggestions of the 

types of additional functions based on the identities of the interacting proteins.  Follow-up testing 

through biochemical or biophysical assays would be needed to confirm the observed interactions 

are due to a second function and not due to false positives, or to proteins that interact with 

multiple proteins as part of a single function, such as in a signaling pathway, or proteins that 

perform the same function in different cellular locations.   

 

Gene knockouts  

When a single protein participates in several cellular processes, deletion of the gene encoding the 

protein can result in phenotypes that are more complex than can be explained by the loss of a 

single function. Several labs made use of yeast genetics to look for enzymes for which 

replacement of the wild type enzyme with a catalytic deficient mutant does not recapitulate the 

results of the complete gene knockout.  Because the mutant protein exhibits only part of the 

deletion phenotype, the wild type protein must have a second function. The S. cerevisiae Bat2 

transaminase in sugar and amino acid metabolism and the isoleucine/valine biosynthetic 

enzymes Ilv1 and Ilv2 were found to have second functions in addition to their respective 

catalytic functions (11). The Alt1 alanine transaminases from two other yeast species, 

Lacchancea kluyveri (LkAlt1) and Kluyveromyces lactis (KlAlt1), were also found to be 

moonlighting proteins (12).  



 

Expression patterns/Cellular Localization  

Proteomics projects that determine a protein’s cellular location(s) can be used to suggest that it 

might have multiple functions.  Many of the known moonlighting proteins perform their different 

functions in different subcellular locations or cell types.  For example, several dozen cytosolic 

proteins, like the plasminogen binding proteins mentioned above, have a second function as a 

receptor or adhesin on the cell surface in bacteria, humans, and many other species.   

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was the first cytoplasmic protein found to 

be attached to the surface of pathogenic streptococci (13), and several dozen cytosolic enzymes 

in multiple species have also been found to be displayed on the cell surface, where they play 

roles in signaling, adhesion, or acquiring nutrients. Studies to identify all the proteins on the cell 

surface of dozens of bacterial species, through cell fractionation and isolation of proteins 

followed by identification through mass spectrometry, found that many other cytoplasmic 

proteins are also attached to the cell surface, and some may be additional moonlighting proteins 

(14,15).  Other methods of studying protein localization can also be scaled up and used in 

proteomics studies.  In a recent study using antibody-based immunofluorescence of 12,003 

human proteins in 30 subcellular structures and 13 organelles, about half of the proteins were 

found in more than one compartment and might also include candidates for moonlighting 

proteins (16).   

 

The taxon-specific crystallins mentioned above clearly have two functions because these 

enzymes are found in a high concentration in the lens of the eye where their catalytic substrates 

are not found, and the known intracellular/cell surface moonlighting proteins have been tested 



through binding studies to confirm the presence of a second function.  In other cases, finding a 

protein in a subcellular location where it is not expected to perform its known function can 

suggest that the protein has a second function, but experimental evidence that the protein is 

performing a different function in each location is needed to confirm that the protein is 

multifunctional.  For example, proteins that move between cellular compartments as part of a 

signaling pathway would not be considered moonlighting proteins.  

 

II. Bioinformatics Analysis 

The lack of common sequence or structural characteristics among the moonlighting proteins has 

made it difficult to develop a universal computational method to predict that a protein has more 

than one function, but several labs are developing bioinformatics methods by using collections of 

known moonlighting proteins, such as the MoonProt Database, as a positive control set. 

Unfortunately, a true negative control set of proteins that don’t have multiple functions is not 

available because it’s currently not possible to know if a protein has only one function or if it has 

additional functions that have not yet been identified. 

 

Large-scale searches of the literature and database annotation, including searches for proteins 

with diverse GO terms in UniProt (17,18) have shown some success in identifying proteins with 

multiple functions in diverse processes (19, 20).  Searches for amino acid sequence or structural 

motifs known to be associated with specific protein functions can help identify proteins that have 

motifs corresponding to multiple functions. For example, the use of an X-ray crystal structure 

revealed the Streptomyces coelicolor albaflavenone synthase also has a terpene synthase active 

site (21). However, the use of motifs as a tool for prediction of function is limited by the lack of 

known motifs for many classes of functions, for example, protein-protein interactions. As more 



information becomes available about sequence motifs, protein-protein interaction surfaces, the 

constellations of amino acids that make up catalytic sites, and the three-dimensional structures of 

moonlighting proteins, the ability of these methods to find the multiple functions of 

moonlighting proteins might be improved (22, 23).  

 

Some recent methods combine analysis of protein sequences and structures with information 

about the results from proteomics projects (protein-protein interactions, cellular locations, etc.) 

(24, 25). Because of the challenges in identifying moonlighting proteins, these combined 

methods might have the most success in the future.  

 

Conclusions 

The presence of moonlighting proteins adds to the complexity of the results of proteomics 

studies, but these large-scale methods are valuable for identifying more examples of these 

proteins, which are otherwise usually found through serendipity. One caution, however, is that 

only the proteomics methods that directly test for a specific function, such as the plasminogen 

binding assays mentioned above, provide evidence that the protein performs that function.  The 

results of the other proteomics and bioinformatics methods described herein can usually only be 

used to predict that a protein has a second function.  It is necessary to use biochemical and 

biophysical methods to confirm that a protein performs both functions.  
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